, glutamic acid-and leucine-rich protein-1 (PELP1) is a scaffolding oncogenic protein that functions as a coregulator for a number of nuclear receptors. p53 is an important transcription factor and tumor suppressor that has a critical role in DNA damage response (DDR) including cell cycle arrest, repair or apoptosis. In this study, we found an unexpected role for PELP1 in modulating p53-mediated DDR. PELP1 is phosphorylated at Serine1033 by various DDR kinases like ataxia-telangiectasia mutated, ataxia telangiectasia and Rad3-related or DNAPKc and this phosphorylation of PELP1 is important for p53 coactivation functions. PELP1-depleted p53 (wild-type) breast cancer cells were less sensitive to various genotoxic agents including etoposide, camptothecin or c-radiation. PELP1 interacts with p53, functions as p53-coactivator and is required for optimal activation of p53 target genes under genomic stress. Overall, these studies established a new role of PELP1 in DDRs and these findings will have future implications in our understanding of PELP1's role in cancer progression. Cell Death and Differentiation (2014) 21, 1409-1418; doi:10.1038/cdd.2014.55; published online 2 May 2014 p53 is considered as the guardian of genomic integrity and has an important role in initiating cellular response to various genomic stresses such as cell cycle arrest, senescence, DNA repair and apoptosis.
p53 is considered as the guardian of genomic integrity and has an important role in initiating cellular response to various genomic stresses such as cell cycle arrest, senescence, DNA repair and apoptosis.
1,2 Loss of p53 or mutations in p53 is observed in 450% of the cases of all cancers. [3] [4] [5] Stabilization of p53 upon genomic stress and activation of its transcription functions are vital for its central role in the DNA damage/ genomic stress response and in its tumor-suppressive functions. 6, 7 Upon genomic stress, p53 is stabilized and activated because of a decreased interaction with its E3-ligase MDM2. 8 Activated p53 then upregulates expression of target genes, such as p21/WAF1, GADD45, PUMA and NOXA, all of which are important in the cellular decisions for cell cycle arrest or apoptosis. 9 Post-translational modifications of p53, including phosphorylation, acetylation, ubiquitinylation and methylation, [10] [11] [12] and interactions with several cofactors 13, 14 have a critical role in the p53-mediated transcriptional response to the DNA damage response (DDR). Proline-, glutamic acid-and leucine-rich protein-1 (PELP1), a large multi-domain protein, modulates a number of biological processes and several pathways including estrogen signaling, and cancer progression. 15, 16 PELP1 functions as a coregulator for several nuclear receptors such as estrogen receptor (ER), androgen receptor (AR) and progesterone receptor (PR), and transcription factors such as STAT3, AP1 and E2F. [17] [18] [19] PELP1 associates with the chromatin 20 and interacts with histone-modifying complexes 17 including acetylases (CBP/P300), 21 methylases (SETDB1 and MLL1), 22, 23 demethylases (KDM1) 24 and deacetylases (HDAC2 and MTA1). 17 It promotes cell proliferation by enhancing G1 to S phase progression via its interactions with the pRb/E2F pathway. 25 PELP1 localizes to the nucleolus and has an important role in ribosomal biogenesis. 26 PELP1 signaling is also implicated in apoptosis and differentiation, and PELP1 functions as a coactivator of RXR homodimers and RXR-PPAR heterodimers. 27 Although PELP1's role in both cell proliferation and differentiation is evident, it is not known how PELP1 would affect p53-mediated DDR functions and whether PELP1 status would affect sensitivity to various genomic stresses.
In this study, we show that PELP1 has an unexpected role in the p53-mediated DDR. Using p53 wild-type (WT) cells with or without PELP1 expression, we demonstrated that cells lacking PELP1 are less sensitive to various genotoxic agents. PELP1 interacts with p53 and functions as a coactivator of p53 and modulates expression of p53 target genes upon DNA damage. Our studies also identified PELP1 as a novel substrate of DDR kinases (including ataxia-telangiectasia mutated (ATM), ataxia telangiectasia and Rad3-related (ATR) or DNAPKc) and showed phosphorylation of PELP1 is important for its DDR functions. Collectively, our data established a new role for PELP1 in the DDR.
Results
PELP1 is phosphorylated upon various genotoxic stresses. Upon DNA damage, ATM, ATR or DNAPKc kinases redundantly phosphorylate substrate proteins on S/T.Q motifs (serine/threonine followed by glutamine). 28, 29 A large-scale mass spectrometric analysis identified B700 protein substrates with S/T.Q motifs that were phosphorylated upon g-radiation. 30 Interestingly, the C-terminus of PELP1 has an S/T.Q motif. To examine whether PELP1 indeed gets phosphorylated upon genotoxic stress, we performed an ortho-phosphate metabolic-labeling assay. MCF7 cells were metabolically labeled with 32 P-orthophosphate and treated with or without g-radiation. After 30 min of radiation treatment, PELP1 was immunoprecipitated and subjected to SDS-PAGE followed by autoradiography. Results indicated that PELP1 did indeed get phosphorylated upon DNA damage ( Figure 1a ). To confirm that PELP1 is phosphorylated at the Ser-1033 residue, we generated a novel affinity purified phospho-PELP1 antibody. The antibody-specific recognition of phosphorylated PELP1 was validated using a lambda phosphatase treatment. The l-phosphatase was able to completely abolish the antibody detection of the phosphorylated form of PELP1 (Figure1b). To further characterize the antibody, we created the Ser1033Ala (S1033A) mutation in PELP1 using site-directed mutagenesis. ZR75 model cells stably expressing GFP, PELP1-WT, PELP1-mutant (MT) or PELP1-shRNA were treated with or without ultraviolet (UV) radiation, followed by western blotting with phospho-PELP1 antibody. The antibody efficiently recognized phosphorylated endogenous as well as GFP-tagged PELP1, and this antibody recognition was substantially reduced in ZR75-PELP1-shRNA cells (Figure 1c) . The phospho-antibody failed to recognize the S1033A PELP1-MT, confirming the specificity of this antibody (Figure 1c) . To further investigate the types of DNA damage that can induce PELP1 phosphorylation in vivo, we exposed cells to gamma radiation (Figure 1d ), UV radiation (Figure 1e) , genotoxic stress by H 2 O 2 and etoposide ( Figure 1f) . Results showed that phosphorylation of PELP1 at the Ser-1033 residue occur in vivo in response to all DNA damaging agents tested.
PELP1 is phosphorylated at Ser-1033 by various DDR kinases upon DNA damage. To identify the upstream DDR kinases that phosphorylate PELP1 upon DNA damage, we used various model cells that are either proficient or deficient in ATM, ATR or DNAPKc functions. We first treated the cells with 50 mM etoposide for 1 h to generate double-strand breaks (DSBs) in the human fibroblast cells, GM00637 (ATM proficient) and GM05849 (ATM function deficient). Western analysis using phospho-PELP1 antibody showed that ATM-deficient cells have reduced PELP1 phosphorylation at Ser1033 upon DNA damage (Figure 2a) . Similarly, western analysis of lysates from etoposide-treated human glioma cell lines M059K and M059J that are either proficient (total)
γ -Tubulin 100 mJ/s GFP-PELP1 PELP1 Figure 1 PELP1 is phosphorylated at Ser-1033 residue upon various genomic insults. (a) MCF7 cells were metabolically labeled with 32 P-orthophosphate, and treated with radiation (10 Gy, 30 min). PELP1 phosphorylation was determined by immunoprecipitation followed by autoradiography. (b) MCF7 cells were treated with UV radiation (100 mJ/s), PELP1 was immunoprecipitated and treated with or without l-phosphatase. Status of PELP1 phosphorylation was visualized by western blotting using PELP1 Ser1033 phospho-antibody. (c) ZR75 cells expressing GFP, GFP-PELP1, or GFP-PELP1-S1033A MT or PELP1-shRNA were treated with or without UV radiation, followed by western blotting with PELP1 Ser1033 phospho-antibody. (d) ZR75 cells were exposed to different doses of g-radiation, followed by western blotting with PELP1 Ser1033 phospho-antibody. (e) ZR75 and ZR75-PELP1-shRNA were exposed to UV radiation, followed by western blotting with PELP1 Ser1033 phospho-antibody. (f) 293T cells were exposed to genotoxic stress by H 2 O 2 (30 min) or etoposide (50 mM, 1 h) followed by western blot analysis with PELP1 Ser1033 phospho-antibody or deficient in DNAPKc, respectively, revealed a defect in PELP1 phosphorylation in DNAPKc-deficient cells occur upon DNA damage (Figure 2b ). Interestingly, pre-treatment of these cells with KU55933, a specific inhibitor of ATM further decreased the levels of phospho-PELP1 (Figure 2b ), suggesting that while ATM and DNAPKc can both redundantly phosphorylate PELP1, ATM appears to be the major kinase in the context of DSBs. To identify the kinase that phosphorylates PELP1 upon single-strand breaks, we used UVC radiation as a damaging agent and GM18366 (ATRdeficient) and its matched control GM00200 fibroblasts as model cells. Western analysis revealed that phosphorylation of PELP1 at Ser-1033 was compromised in ATR-deficient cells (Figure 2c ). Interestingly, ATM-deficient cells did not experience a decrease in PELP1 phosphorylation upon UVC treatment (Figure 2d ). However, pre-treatment of ZR75 cells with increasing doses of caffeine abolished PELP1 phosphorylation (Figure 2e ), suggesting involvement of ATR in UVC-mediated PELP1 phosphorylation.
Knockdown of PELP1 in p53-positive cancer cells reduces their sensitivity to genotoxic agents. To examine whether PELP1 modulates sensitivity of breast cancer cells to various genotoxic agents, we used two p53 WT breast cancer cells (ZR75 and MCF7) that stably express the PELP1-shRNA. Western analysis showed that the PELP1 levels in PELP1-shRNA-transfected cells were about 70-80% less than the levels in control vector-transfected cells (Supplementary Figure S1a) . ZR75 control and ZR75-PELP1-shRNA cells were treated with various doses of etoposide and camptothecin for 48 h, followed by analysis for cytotoxicity. PELP1-depleted cells exhibit reduced cytotoxicity to these drugs (Figures 3a and b) . Similar results were obtained with MCF7 cells (Supplementary Figure 1b) . Clonogenic survival assays after etoposide treatment confirmed that ZR75-PELP1-shRNA cells have greater survival ability after treatment with genotoxic agents (Figure 3c ). We validated these findings using MCF7 model cells stably expressing PELP1-shRNA or transiently expressing PELP1-small interfering RNA (siRNA) in ZR75 cells and by using a different genotoxic agent (ionizing radiation). PELP1-depleted MCF7 and ZR75 cells survived better and were more clonogenic compared with control cells after genotoxic stress (Figure 3d and Supplementary Figure S1c) . On the contrary, PELP1 knockdown in p53 non-functional cells such as 293T and IOMM-LEE further enhanced their sensitivity to DNA damage (Supplementary Figures S1d and e) , suggesting that the less sensitivity to DNA damage seen in PELP1 knockdown breast cancer cells could depend on p53 status.
PELP1-depleted cells are defective in p53-mediated DDR. p53 has a crucial role in the apoptotic response to various genotoxic drugs. As PELP1-depleted cells were less sensitive to various genotoxic stresses, we examined the status of p53 activation. ZR75-conshRNA and ZR75-PELP1-shRNA cells were treated with camptothecin and total cellular lysates were analyzed for p53 activation by western blot using phospho-p53 (Ser-15) antibody. Levels of phosphop53 were substantially less in PELP1-depleted cells than in controls cells (Figure 4a ). Similarly, we observed decreased PELP1 interacts with p53. As PELP1 functions as a coregulator of many nuclear factors, and because reduced PELP1 expression compromised activation of p53 in response to various genotoxic agents, we investigated whether PELP1 functions as coregulator of p53. Western analysis of PELP1 immunoprecipitates from cells that were treated with IR and camptothecin revealed that endogenous PELP1 forms a complex with endogenous p53 (Figures 5a  and b) . Interaction of PELP1 and p53 was further confirmed using confocal analysis. Our results showed that endogenous PELP1 colocalizes with endogenous p53 upon camptothecin treatment, while no or little colocalization of PELP1 with p53 was observed in the absence of DNA damage (Supplementary figure S3) . We also confirmed PELP1 and p53 interactions using model cells that transiently expressed epitope tagged GST-PELP1 and GFP-p53. Results showed GFP-p53 ability to interact with GST-PELP1 and increased interaction was observed under conditions of DNA damage ( Figure 5c ). GST pull-down assays identified PELP1 amino acids 800-960 contributed predominantly to the p53 interaction (Figure 5d ). To assess whether PELP1 directly affects p53-mediated transactivation functions, we performed a p53-reporter assay in breast cancer cell lines by using p53-luc reporter plasmid that has p53-binding sites in its promoter. Cells were transfected with p53-luc reporter plasmid along with increasing doses of GFP-tagged PELP1 (PG) plasmids and luciferase activity was measured after 48 h. A dosedependent increase in luciferase readouts was observed suggesting that PELP1 has the ability to increase p53-mediated transactivation functions in ZR75 (Figure 5e ) and MCF7 cells (Supplementary Figure S4a) . Similarly, luciferase readouts in PELP1 knockdown cells with p53-reporter plasmids were clearly compromised but could be rescued with transfection of shRNA-resistant, GFP-tagged PELP1 constructs (Supplementary Figure S4b) . Chromatin immunoprecipitation (ChIP) analysis showed that PELP1 is recruited to the p53-binding sites on the promoter of p21 and PUMA (Figure 5f ). More importantly, we found that the recruitment of p53 to these promoter sites upon genotoxic stress was reduced when PELP1 was knockdown in ZR75 cells (Figure 5g ). Studies in the past have indicated the importance of c-terminal acetylation in the recruitment of p53 to target gene promoters. 31 As PELP1 knockdown cells have reduced acetylation modification of p53, such reduction could contribute to reduced recruitment of p53 to the response elements.
PELP1 S1033A MT is defective in p53-mediated DDRs.
To further demonstrate the importance of PELP1 phosphorylation by DDR kinases, we tested the significance using p53 null cells (H1299, lung carcinoma cells). Cells were cotransfected either with PELP1-WT or PELP1-MT along with p53, and reporter gene assays were performed under conditions of genotoxic stress. PELP1-WT was able to activate p53-mediated transactivation function significantly more than the PELP1-S1033A-MT ( Figure 6a ). Next, we tested whether phosphorylation of PELP1 affects p53-mediated transactivation functions using a p53-reporter assay in ZR75 cells, with or without treatment of etoposide. PELP1 (WT) had the ability to increase p53-mediated transactivation functions upon genotoxic stress but PELP1S1033A mutation compromised PELP1 coactivator functions (Supplementary Figure S3c) . Accordingly, expression of the p53 targets was significantly less in PELP1-MTexpressing cells than in PELP1-WT-expressing ZR75 cells (Figure 6b ). To determine the mechanism, we examined whether PELP1 phosphorylation affects its ability to recruit to p53 target genes upon genotoxic stress. ChIP analysis revealed the ability of PELP1-MT to recruit to the p53 target gene PUMA was less than the ability of PELP1-WT upon genotoxic stress (Figure 6c) . Similarly, recruitment of p53 to 10 Gy IR were subjected to immunoprecipitation using the PELP1 antibody and endogenous PELP1-p53 interaction was verified by western analysis. (b) Total lysates from MCF7 cells treated with or without camptothecin (1 mM) were subjected to immunoprecipitation using the PELP1 antibody and endogenous PELP1-p53 interaction was verified by western analysis. (c) Plasmids encoding GST-PELP1 and GFP-p53 were transiently transfected into HEK-293 cells. At 48 h after transfection, cells were exposed to IR (5 Gy). After 1.5 h, cells were harvested and lysed in NP-40 lysis buffer and subjected to GFP-trap IP followed by western analysis. (d) Nuclear extracts from ZR75 cells treated with g-radiation were incubated with various deletions of PELP1 (GST-fusions) and the PELP1-p53 interaction site was determined using in vitro GST pull-down assays. (e) ZR75 cells were co-transfected with p53-reporter and b-gal reporter plasmids with increasing amount of GFP-PELP1 (WT). After 48 h, luciferase activity was measured and normalized with b-gal activity. Data shown are the means of ± S.E.M. performed in triplicate wells. (f) ChIP analysis was performed using IgG-or PELP1-specific antibodies and the status of PELP1 recruitment was analyzed by PCR using p21 and PUMA promoter-specific primers. (g) ZR75 cells expressing Con-shRNA or PELP1-shRNA1 were treated with g-radiation and ChIP analysis was performed using p53-specific antibodies and the status of p53 recruitment was analyzed by using qRT-PCR with p21 and PUMA promoter-specific primers. *Po0.05; **Po0.01; ***Po0.001 target gene promoter sites upon genotoxic stress was less in the PELP1S1033A-MT cells than in the PELP1-WT cells (Figure 6d) . To demonstrate the in vivo significance of PELP1 phosphorylation, we have generated a cell permeable peptide inhibitor that efficiently inhibits PELP1 phosphorylation in vivo upon genotoxic stress. TAT-PELP1-Ser-1033 peptide contains 26-amino acids surrounding the PELP1-Ser1033 phosphorylation site plus a 12-amino-acid TAT sequence that confers cell permeability. TAT-PELP1-1033 peptide efficiently reduced PELP1 phosphorylation upon genotoxic stress (Figure 6e ). Cytotoxicity assays after etoposide treatment in the presence or absence of TAT-PELP1-1033 peptide inhibitor revealed that PELP1 inhibitortreated cells have greater survival ability upon genotoxic agents compared with control TAT peptide (Figure 6f) . Collectively, these results suggest that PELP1 phosphorylation at Ser-1033 by DDR kinases is needed for optimal DDR activity. After 72 h, cells were treated with IR (10 Gy, 4 h), RNA was isolated and the status of p53 target genes was analyzed by RT-qPCR analysis. (c) ZR75 cells expressing GFP-PELP1-WT or GFP-PELP1-MT were treated with g-radiation and ChIP analysis was performed using GFP epitope-specific antibodies and the status of PELP1 recruitment was analyzed by using RT-qPCR with PUMA promoter-specific primers. (d) ZR75 cells expressing GFP-PELP1-WT or GFP-PELP1-MT were treated with g-radiation (10 Gy, 1 h) and ChIP analysis was performed using p53-specific antibodies and the status of p53 recruitment was analyzed by using RT-qPCR with p21 and PUMA promoter-specific primers. (e) ZR75 cells were pre-treated with indicated concentrations of TAT control or TAT-PELP1-1033 peptide. Cells were treated with or without etoposide and the PELP1 phosphorylation was analyzed via western blotting using the PELP1 Ser-1033 phospho antibody. (f) ZR75 cells were pre-treated with TAT control or TAT-PELP1-1033 peptide (50 mM) followed by treatment with different doses of etoposide for 48 h, and cytotoxicity was measured using MTT assays. Error bar depicts S.E. from triplicate experiments. *Po0.05; **Po0.01; ***Po0.001 Discussion p53 status is an important determinant of cell fate when cells are exposed to chemotherapeutic drugs or genotoxic agents like g-radiation or UV. Loss of p53 or its mutations are implicated both in the development and/or progression of cancer and in various types of cancers with the emergence of chemotherapy resistance. [32] [33] [34] PELP1, a coregulator protein that interacts with various nuclear receptors, is a substrate of cyclin-dependent kinases and modulates the functions of cell cycle regulators to enhance G1/S cell cycle phase progression. 25 In this study, we found that (a) PELP1 is phosphorylated at Ser-1033 after various genomic stresses including chemotherapeutic drugs and ionizing radiation; (b) PELP1 is redundantly phosphorylated by multiple DDR kinases and PELP1 phosphorylation at Ser-1033 is important for its p53-coactivation functions; (c) loss of PELP1 in p53 WT breast cancer cells decreases the apoptotic response to genomic stresses and causes a defect in the G1/S checkpoint; (d) PELP1 knockdown results in defective p53-activation and subsequently reduced expression of its key target genes; (e) PELP1 interacts with p53 and functions as a coactivator of p53 functions; and (f) PELP1 regulates the post-translational modification of p53 and thereby regulates its recruitment to the promoter of target genes. Collectively, these results suggest that PELP1 has diverse functions in activating p53-mediated transcriptional program.
Apoptotic response to various genotoxic agents is primarily mediated by p53, E2F, TGFb or other apoptotic caspase cascades. All of the breast cancer model cells that we used in this study have WT p53. PELP1 knockdown increased the survivability of these cells when treated with various genotoxic agents including chemotherapeutic drugs and ionizing radiation. Mechanistic studies revealed that PELP1 functions as a coregulator of p53 and defective p53 activation in PELP1 knockdown cells is the primary reason for this phenotype. However, our studies did not eliminate the possibility of an impaired E2F-mediated apoptotic response in PELP1-knockdown cells. It will therefore be interesting to see whether PELP1 has a role in the apoptotic response of cells lacking p53 via E2F pathway and future studies are needed. PELP1 is known to modulate epigenetic changes at ER target gene promoters through histone modifiers like KDM1, 24 and we speculate that PELP1 recruited to p53 target gene promoters may perform similar functions at p53 target genes upon genomic stress. The results from our study imply that PELP1 may function with p53 in safeguarding the genome from various types of stresses. As PELP1 has potential to act as a coregulator of p53 and augments cell death upon genomic stresses, it is most likely to be a protective mechanism that guarantees the genomic integrity.
The molecular mechanisms that underlie the seemingly disparate functions of PELP1 in cell cycle progression and DDR also remain elusive. However, the results from this study are reconcilable based on the notion that oncogene-mediated regulation of apoptosis is not completely unprecedented. For example, c-myc is an established oncogene in various types of cancer 35, 36 however, overexpression of c-myc surprisingly sensitizes cells to apoptosis. [37] [38] [39] E2F1 is another transcription factor that governs cell cycle progression and also regulates apoptosis under conditions of genotoxic stress. 40 PELP1 overexpressing human breast cancer cells undergo significantly more apoptosis when treated with 9-cis-RA. 27 Taken together, our data strongly support the idea that overexpression of PELP1 can sensitize cells to apoptosis via p53 pathway and that knocking down PELP1 in p53-WT cells may impair this process and increase survivability. As we observed increased sensitivity to genotoxic stress in p53 nonfunctional cells upon PELP1 knockdown, we speculate that during cancer development, an increase in PELP1's oncogenic functions is most likely to be associated with mutations in p53 and knocking down PELP1 functions in p53-deficient cancer is likely to have therapeutic benefits.
It is also well documented that overexpression of various oncogenes can result in an enhanced p53-mediated cellular response often termed as 'Oncogene-Induced-Senescence (OIS)'. The DDR pathway has an essential role in the OIS through activation of ATM and other DDR kinases. 41 It remains unknown whether PELP1 overexpression can similarly induce OIS and whether ATM-mediated phosphorylation has any role in the process. PELP1 proto-oncogene is overexpressed in multiple cancers, is an independent prognostic marker of reduced disease-free survival in breast cancer and is viewed as a viable therapeutic target against cancer. 17 Our studies show that the cellular status of p53 represents a unique modifier to this qualification, and while this adds complexity, it also strengthens the concept of targeting PELP1. As recent studies have shown that p53 mutations or its inactivation is associated with invasive and metastatic cancers 42 and because PELP1 also has a vital role in metastasis, 17 it would be interesting to see how a MT p53-PELP1 axis governs the process of metastasis.
In summary, our study demonstrates for the first time that PELP1 functions as a p53-interacting protein and has a vital role in DDR pathway in breast cancer cells. Furthermore, we provided evidence that PELP1 phosphorylation by upstream DDR kinases, ATM, ATR or DNAPKc, are essential for optimal p53-mediated transcriptional program. These findings suggest that phosphorylation of PELP1 by upstream kinases constitutes an important step in ensuring genomic integrity after exposure to genotoxic agents.
Materials and Methods
Cell lines and reagents. Breast cancer cells MCF7, ZR75, and lung adenocarcinoma cell line H1299 were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained on either on RPMI or DMEM media with 10% fetal bovine serum (FBS) supplementation at 371C and 5% carbon dioxide. Human fibroblast cells immortalized with SV40 antigen, GM00637 (ATM-proficient) and GM05849 (ATM function-deficient), human glioma cell lines M059K (DNAPKc-proficient) and M059J (DNAPKc-deficient) were purchased from ATCC and untransformed fibroblast from human Seckel syndrome patient GM018366 (ATR-deficient) and its matched control GM000200 were procured from Coriell Institute, Human Genetic Cell Repository (NIGMS, Camden, NJ, USA) and maintained on Eagle's minimum essential medium with Earle's salts, non-essential amino acids and 15% FBS as per the instructions from the repository. Details of GFP-tagged PELP1 plasmid was described. 25 The PELP1 Ser1033Ala mutation on GFP-PELP1 backbone was generated using site-directed mutagenesis (Quick Change Mutagenesis Kit, Stratagene, La Jolla, CA, USA). p53-responsive pGL13-luc reporter construct with p53-binding sites was procured from Addgene (plasmid #16442; Cambridge, MA, USA). PELP1-specific shRNA (SureSilencing shRNA plasmids) and control shRNA vector with neomycin selection cassette were purchased from SA Biosciences (Qiagen, Germantown, MD, USA). ZR-75 controlshRNA and PELP1shRNA stable cell lines were generated through 500 mg/ ml G418 (neomycin) selection. MCF-7 controlshRNA and PELP1shRNA were generated using lentiviral transduction and the colonies were selected using puromycin. PELP1-phospho antibody was custom generated and affinity purified by Open Biosystems (Thermo-Fisher Scientifics, Huntsville, AL, USA) using phospho-PELP1 Serine-1033 (peptide sequence of PELP1: APTLAPEALP S(p)QGEVEREGES). TAT-control and TAT-PELP1-1033 peptides were custom synthesized by BioSynthesis (Lewisville, TX, USA). The sequences are: TAT-control-GRKKRRQRRRGG; TAT-PELP1-1033-GRKKRRQRRRGGR GADTAPTLAPEALPSQGEVEREGES. Etoposide, cisplatin (cis-diamineplatinum (II) dichloride), camptothecin and caffeine were purchased from Sigma Aldrich (St. Louis, MO, USA). Antibodies for Acetyl-p53, phospho-p53 and p53 (rabbit polyclonal) were purchased from Cell Signaling Technologies (Beverly, MA, USA). The antibody for PELP1 was purchased from Bethyl Laboratories (Montgomery, TX, USA). p53 (mouse monoclonal) antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Gamma-radiation. For radiation treatment, the exponentially growing cells were exposed to various doses of 137Cs -rays at a dose rate of 1.28 Gy/min at room temperature using a Gamma Cell-40 irradiator (Atomic Energy of Canada Ltd, Montreal, Canada). After the exposure, cells were returned to the 37 1C incubator and were either allowed to grow (for clonogenic assays) or harvested at different time periods of post-radiation for western blot analysis. Control cells were mock-irradiated (0 Gy) in a similar manner.
Cell lysis, immunoprecipitation and western blot analysis. For western analysis, lysates were prepared using a modified RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 50 mM NaF, 5 mM EDTA, 0.5% (wt/vol) sodium deoxycholate and 1% Triton X-100) containing phosphatase and protease inhibitors cocktails. For immunoprecipitation, lysates were prepared using a lysis buffer containing 50mM Tris-Hcl-pH7.5, 0.2% Triton X-100, 0.3% NP-40, 150 mM NaCl, 25 mM NaF, 0.1 mM sodium orthovanadate, and along with phosphatase and protease inhibitor cocktail and immunoprecipitation was done using PELP1 and p53 antibodies (Bethyl Lab, Montgomery, TX, USA). GFP Trap beads were purchased from Chromotek (Munich, Germany).
MTT and clonogenic assays. Model cells (2 Â 10 3 ) were plated in sixreplicates in 96-well tissue culture plate and allowed to attach overnight, and then treated with different doses of drugs for 48 h. Cell viability was measured using MTT assay. Toxicity was expressed as a percentage of control by dividing the average absorbance of each treated group by the average of the vehicle-treated controls. For clonogenic assays, cells were plated in six-well plates at a density of 1 Â 10 3 cells per well in triplicates and treated with different doses of g-radiation and allowed to grow for another 14 days. After 2 weeks, the cells were fixed with ice-cold methanol, and stained with 0.5% crystal violet. Image acquisition was done using a digital camera and clonogenic quantitation was performed by manual counting of colonies.
Quantitative RT-PCR analysis. Model cells with or without PELP1 expression were plated in 100 mm plates and treated with or without genotoxic drugs, etoposide (50 mM for 12 h), cisplatin (25 mM for 18 h) and camptothecin (10 mM for 12 h). Total RNA was isolated using Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. cDNA synthesis was performed using Superscript III RT-PCR kit (Invitrogen). Real-time PCR was done using a Cepheid Smartcycler II (Sunnyvale, CA, USA) with specific real-time PCR primers for p21, GADD45, PUMA and actin. Results were normalized to actin transcript levels and the difference in fold expression was calculated using deltadelta-CT method. Primer sequences: p21F, Reporter gene and confocal microscopy assays. Reporter gene assays were performed using transient transfection of p53-responsive pGL3-luc construct with p53-binding sites, in six-well plates in triplicate using FuGENE6 method (Roche, Indianapolis, IN, USA) as described previously. 25 Briefly, cells were transfected using 500 ng of pGL13-p53-luc, 10 ng pSV-b-galactosidase plasmid, with different dose of PELP1 WT or PELP1-S1033A (MT) expression plasmids. Cells were lysed in passive lysis buffer after 24 h of transfection, and the luciferase assay was performed using a luciferase assay kit (Promega, Madison, WI, USA). b-Galactosidase activity was analyzed by Galacto-light system (Applied Biosystems, Foster city, CA, USA). Data were normalized with b-gal activity for any variation in transfection. For confocal analysis, ZR75 breast cancer cells cultured on glass coverslips were treated with DMSO or camptothecin for 2 h followed by fixation, permeabilization and co-stained with antibodies against PELP1 (red) and p53/pS15-p53 (green) and colocalization was analyzed by confocal microscopy as described previously. 24 Chromatin immunoprecipitation. The ChIP analysis was performed as described previously. 24 In brief, model cells were grown in five 150 mm plates and after attaining a confluence of B75%, cells were irradiated with 10 Gy ionizing radiation and allowed to incubate at 371C for 1-2 h. Cells were then cross-linked using formaldehyde and quenched by glycine. The chromatin was isolated and subjected to immunoprecipitation using the indicated antibodies. Isotype-specific IgG was used as a control. DNA was eluted and re-suspended in 50 ml of TE buffer and used for PCR amplification using the specific primers and primer sequence were taken from published reference. [43] [44] [45] 
